Background: Cerebral palsy (CP) has a multifactorial etiology, and placental vascular disease may be one major risk factor. The risk of placental vascular disease may be lower among some immigrant groups. We studied the association between immigrant status and the risk of CP.
more than 10 years in Canada [20] , and mothers originating from Latin America, the Caribbean and Sub-Saharan Africa [19] .
While placental vascular disease likely predisposes to the maternal placental syndromes, prematurity and CP, there are conflicting data about the potential direction of that risk among immigrant women. Accordingly, we assessed the risk of CP among the children of immigrant vs. non-immigrant women, by immigrant region of origin, and by time since migration to Canada.
Methods

Study design
We completed a retrospective population-based cohort study, using pre-existing linked datasets at the Institute for Clinical Evaluative Sciences (ICES).
Participants
We included all maternal-child pairs in the province of Ontario, with a singleton or twin obstetrical delivery at 23 weeks gestation or later, occurring within an Ontario hospital between April 1, 2002 and March 31, 2008 . Since the child was the unit of analysis, a woman may have contributed more than one delivery in the study period. The time to the end of study was March 31, 2012 , which permitted 4 years of potential follow-up for every child. We excluded mothers aged ,14 years or .50 years and those who were not a resident of Ontario at the time of delivery. Neonatal deaths (0-27 days after birth) were excluded from the main model, but were included in a sensitivity analysis, described below.
Exposures and outcomes
The main exposure of interest was maternal immigrant status prior to her delivery in Ontario. Immigrants were compared to non-immigrants -the latter comprising predominantly women born in Canada, and a smaller proportion of women who immigrated prior to January, 1985, who migrated to Ontario through another Canadian province or who could not be matched to a record in the immigration database. The secondary exposure of interest divided immigrant mothers by their World region of origin, according to the United Nations classification -a Western Nation or Europe, African/Caribbean, North African/Middle Eastern, Latin American, East Asian/Pacific and South Asian, and compared each World region to the non-immigrant group [19] (Table S1 in File S1).
The main study outcome was a diagnosis of CP in the 4-year period after each child's date of birth. A four year minimum was chosen since more than 95% of cases of CP are firmly diagnosed by that age [21, 22] . A diagnosis of CP was based on either of the following: i) Any inpatient hospitalization diagnosis of CP, using the International Statistical Classification of Diseases and Related Health Problems, 10 th Revision (ICD-10CA) diagnostic codes or ii) At least 2 outpatient outpatient diagnoses of CP$14 days apart, each made by a licensed paediatrician on an Ontario Health Insurance Plan (OHIP) billings claims (Table S2 in File S1).
Database sources
All analyses were conducted at ICES, where the existing databases are housed (see http://www.ices.on.ca/webpage. cfm?site_id = 1&org_id = 26&morg_id = 0&gsec_id = 5314&item_ id = 5322). All maternal, fetal and newborn infant hospitalizations and procedures were identified using the CIHI Discharge Abstract Database (DAD). The MOMBABY Dataset at ICES uses all DAD inpatient admission records of delivering mothers & their newborns from 2002 onward [7, 14, [18] [19] [20] . Mothers & their newborns are deterministically linked within the DAD. The MOMBABY dataset contains the unique encrypted healthcare number, age and sex of the participant, date of admission, and up to 25 diagnoses coded by ICD-10-CA.
Women who delivered a liveborn or stillbirth infant were linked to the Ontario portion of the federal Citizenship and Immigration Canada (CIC) Database, also housed at ICES [19, 23] . The CIC Database housed at ICES has records for every permanent legal immigrant to Ontario who arrived after 1984. While the father's country of birth is not known, we have shown a high concordance with the mother's World region of origin [24] .
Since some conditions preceding and/or during pregnancy (e.g., maternal pre-pregnancy hypertension and diabetes mellitus) may be diagnosed as an outpatient, the OHIP Database was also used to identify covariates in the period up to 12 months before the index delivery hospitalization [7, 14] . This database contains records of all physician billing information for outpatient and inpatient services, including a service date and a single diagnosis. Maternal and child mortality were retrieved from the Registered Persons Database, which contains demographic information and the encrypted healthcare number for all individuals eligible for OHIP [7, 14] . Neighbourhood income quintile was defined according to postal code using Statistics Canada census data.
Statistical analyses
Main model. All baseline participant characteristics were divided according to those 1) of the mother at date of admission for the index delivery hospitalization, 2) of the mother #12 months before, or during, the index delivery hospitalization, 3) of the mother during the index delivery hospitalization, 4) of the newborn in the index birth hospitalization, and 5) of the child in the index birth hospitalization and #12 months after birth. They are detailed in Table S2 in File S1.
In the main model, we used a time-to-event Cox proportional hazards model to compare the risk of CP between all immigrants and non-immigrants, the referent. The same was done when comparing specific immigrant World regions of origin to the nonimmigrant reference group [19] . In the main analysis, the outcome event of CP was assessed starting from 28 days after birth (defined as time zero) up to 48 months after the date of birth. We censored if a child died from 28 days onward, up to aged 4 years.
A hazard ratio (HR) and 95% confidence interval (CI) was presented both unadjusted, as well as adjusted (aHR) for maternal age (continuous in years), parity, neighborhood income quintile, duration of residence in Canada (continuous in years), any prepregnancy or gestational diabetes mellitus, treated obesity or tobacco dependence, Caesarean delivery, fiscal year of delivery, number of physician visits between day 1 to 140 of pregnancy, a twin pregnancy, delivery before 32 or 37 weeks gestation, and small for gestational age birthweight under the 10 th percentile or large for gestational age birthweight above the 90 th percentile (Table S2 in File S1). The covariates were abstracted from DAD (for inpatient) and the OHIP Database (for outpatient) encounters #12 months prior to, or including, the index delivery hospitalization admission. They were chosen a priori, and were informed by previous studies on CP, placental vascular disease and/or pregnancy outcomes among immigrants [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Further analyses on the main model. We modified the main model by further adjusting for the presence of a maternal placental syndrome in the index delivery hospitalization, and reported both the modified aHR comparing immigrant mothers and non-immigrants, as well as the aHR for the presence vs. 
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Of the newborn in the index birth hospitalization delivery ($37 weeks, ,37 weeks or ,32 weeks), singleton vs. twin pregnancy, and number of features of the maternal placental syndrome -gestational hypertension, preeclampsia, placental abruption & placental infarction -in the index delivery hospitalization (0, 1 or $2).
To focus on placental vascular disease in the pathogenesis of CP, we re-ran the main model, but refined the study outcome to cases of CP without an explainable fetal/infant (e.g., congenital anomaly, prolapsed umbilical cord or birth trauma) or maternal (e.g., uterine rupture or chorioamnionitis) cause, as outlined in Table S2 in File S1.
Sensitivity analyses of the competing risk of death
Infants at risk for CP are also at high risk of dying before they can potentially be diagnosed with CP [5] . Hence, we constructed a competing risk model for the endpoint of CP according to World region of origin, accounting for the competing event of death, using the cumulative incidence function curves for CP and death (''competing risk model #1'') [25] . The same covariates were used as in the main model.
Additionally, it is believed that CP and stillbirth share many common risk factors, including placental vascular pathology [26, 27] . Moreover, randomized clinical trials have considered stillbirth, infant death and CP within a primary composite outcome [28] . Thus, we also generated a competing risk model for the endpoint of CP according to World region of origin, accounting for the competing event of stillbirth and also for death after birth (competing risk model #2). In that analysis, we no longer excluded neonatal deaths before 28 days after birth.
Duration of residence and CP risk. The unadjusted rate (95% CI) of CP per 1000 infants alive $28 days after birth was plotted against the number of years between maternal immigration landing date and the index birth date, as well as among the nonimmigrants.
All P-values were two-sided, at a significance level of 0.05. All statistical analyses were performed using SAS for UNIX, Version 9.2 (SAS Institute, Cary, NC), except for competing risk regression, which was done using the stcrreg command in STATA. The study was approved by the Ethics Review Board of Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada.
Results
For the main model, we initially identified 805,215 newborns, of whom we further excluded 61,159 for the following reasons: invalid health card number (n = 2,015), duplicates (n = 642), nonOntario resident (n = 47,485), age ,14 or .50 years (n = 129), triplet or higher order pregnancy (n = 1,449), stillbirth (n = 709), newborn gestational age ,23 weeks at birth (n = 239), birthweight ,500 grams (n = 100) or neonatal death ,28 days (n = 2,719), or immigrant landing date or country of origin unknown (n = 5,672). Hence, there were 744,058 newborns in the main cohort (92.9%) ( Figure S1 in File S2).
There were 566,668 and 177,390 infants born to nonimmigrant and immigrant mothers, respectively (Table 1) . Of all infants born to immigrant mothers from various World regions nearly 32% were from South Asian countries and 22% from East Asian and the Pacific countries ( Table 1 ). The characteristics of the mothers, their delivery and their newborns are listed in Table 1 . Non-immigrants (45.8%) were more likely to be nulliparous than mothers from Sub-Saharan Africa (30.9%), and were more likely than all immigrant groups to dwell in a high-income area. The rate of diabetes mellitus was lowest among non-immigrants (5.7%) and immigrants from Western Nations and Europe (5.6%) in Table 1 . Cont. contrast to other immigrant groups (Table 1) . Twin pregnancy was most prevalent among non-immigrant pregnancies, as was the maternal placental syndrome (7.1%), with the exception of mothers originating from the Caribbean (7.7%). The prevalence of some CP risk factors, such as chorioamnionitis, preterm birth, or small for gestational age birthweight, did not differ appreciably between immigrants and non-immigrants, while others, including complications of labour and delivery or noxious influences transmitted via placenta or breast milk, did (Table 1) . Figure 1a) . When further broken down by maternal World region of origin, only those from East Asia and Pacific (aHR 0.54, 95% CI 0.39 to 0.77) and the Caribbean (aHR 0.58, 95% CI 0.37 to 0.93) had a significantly lower risk of having a child with CP (Table 2, Figure 1b ).
World region of origin among immigrant mothers Characteristic
Non-immigrants
Main model
Further analyses on the main model
The addition of a maternal placental syndrome to the main model did not further alter the aHR (Table S3 in File S1). In the latter modified model, the presence vs. absence of a maternal placental syndrome was associated with a slightly higher risk of CP (aHR 1.16, 95% CI 1.00 to 1.35) .
In the main model, comparing immigrants to non-immigrants, the exclusion of those with an explainable cause of CP did not change the main findings (Figure 2) . Similarly, among all children, stratifying by maternal or newborn factors did not appreciably change the results, including a twin pregnancy or preterm birth (Figure 2 ). The exception was among those residing in a highincome level area, wherein immigrants were no longer at a lower risk of having a child with CP. Among those mothers with 2 or more maternal placental syndrome elements, the adjusted risk of childhood CP was non-significantly lower among immigrants (HR 0.30, 95% CI 0.08 to 1.09).
Competing risk models
In competing risk model #1, where infant death from 28 days onward was treated as a competing risk, the results were similar to those in the main model (Table 3, upper) . In competing risk model #2, an additional 8454 stillbirths or neonatal deaths under 28 days were included in the non-immigrant group (revised n = 575,122) and another 2497 in the immigrant group (revised n = 179,887), contributing another 20 and 3 cases of CP, respectively. Again, the risk of CP was lower among women from East Asia and the Pacific, and the Caribbean (Table 3 , lower).
Duration of residence and CP risk
Among immigrant women, there was minimal modulation in the risk of CP with maternal duration of residence prior to the index obstetrical delivery (Figure 3 ).
Discussion
Among nearly 750,000 newborns, those born to non-immigrant women -especially among women from the Caribbean and East Asia -were at significantly lower risk of CP than those of nonimmigrant women. This effect remained across various sub-group and competing risk analyses. The risk of CP did not vary despite Figure 1 . Risk of cerebral palsy (CP) comparing immigrants to non-immigrants (Figure 1a) , as well as immigrants by World region of origin to non-immigrants ( Figure 1b) . All data were analyzed starting 28 days after birth, and adjusted for maternal age, parity, income quintile, any diabetes mellitus, obesity, tobacco use, Caesarean delivery, fiscal year of delivery, number of physician visits between day 1 and day 140 of pregnancy, twin pregnancy, preterm birth before 32 weeks, preterm birth from 33 to 37 weeks, small for gestational age birthweight under the 10th percentile, and large for gestational age birthweight over 90th percentile. doi:10.1371/journal.pone.0102275.g001 Figure 2 . Risk of cerebral palsy (CP) among all participants (red square), those without a potential explainable cause of CP (blue diamond), and all participants stratified by maternal or newborn characteristics (black circles). All data were analyzed using the main Cox proportional hazard model. doi:10.1371/journal.pone.0102275.g002
accounting for explainable causes of CP or by duration of residence in Canada.
Potential study limitations and strengths
Compared to other chronic conditions, CP is less well captured in some pediatric ambulatory databases [29] . We attempted to maximize the specificity of a CP diagnosis based on either a hospitalization or $2 outpatient visits to a pediatrician $14 days apart, and we required a follow-up to age 4 years. In doing so, our overall rate of CP was similar to that in other studies [5, 21, 22, 28] . It is unlikely that CP was more commonly missed in the children of immigrant women, since all were enrolled in a universal healthcare system and follow-up was to age 4 years. While we did not account for the ethnicity of the non-immigrant women, the majority would be of British and European ancestry [30] .
We had a novel opportunity to link immigrant status to other health databases. We were able to consider both important covariates and to model the competing risk of death. Together, we systematically and precisely evaluated the relation between maternal immigration (and immigrant-defined ethnicity) and CP risk. However, obesity and tobacco use were each based on diagnostic codes from hospital and physicians' service claims, so we likely missed many women who did not receive formal counselling. Documentation of child health events or exposures after the neonatal period was also limited. Such unmeasured potential confounders may have biased our estimates of the associated risk between immigration and CP.
Mechanisms
The pathogenesis of CP is multifactorial. Factors contributing to fetal brain injury may be acute (i.e., within hours) or chronic (i.e., over days or weeks), and continuous or intermittent [1] . In the current study, we ran a sensitivity analysis that excluded known risk factors for CP, and the effect size did not change. When Table 3 . *Adjusted for maternal age, parity, neighbourhood income quintile, any pre-pregnancy or gestational diabetes mellitus, obesity, tobacco use, Caesarean delivery, fiscal year of delivery, number of physician visits between day 1 and day 140 of pregnancy, twin pregnancy, preterm birth before 32 weeks, preterm birth from 33 to 37 weeks, small for gestational age birthweight under the 10th percentile, and large for gestational age birthweight over the 90th percentile. **The number of deliveries is higher than in the other analyses, as stillbirths and neonatal deaths ,28 days after birth were included in this competing risk model. CI confidence interval. doi:10.1371/journal.pone.0102275.t003
preeclampsia, preterm delivery and SGA occur concomitantly, placental vasculopathy is likely to be present [13, 31] . In the current study, we did not have actual placental pathology reports; rather, maternal placental syndromes were used as an indirect measure of placental vascular disease [6] [7] [8] 16, 17] . In two other studies, preeclampsia was associated with an increased risk of CP among infants born $37 weeks gestation (OR 5.1, 95% CI 2.2 to 12.0) [32] , especially when severe SGA was co-present [33, 34] . However, preeclampsia conveyed a lower risk of CP among those born #32 weeks (OR 0.39, 95% CI 0.15 to 0.93) [32] , especially in the absence of SGA (OR 0.45, 95% CI 0.25 to 0.80) [34] . There are at least two reasonable explanations for these contrasting findings. First, the aforementioned studies excluded stillbirths [32, 34] and infants who died in the first week of life [34] ; yet, cerebral damage, most likely in infants born very preterm to mothers with preeclampsia, are particularly likely to die. It is for this reason that we ran a competing risk analysis that considered both stillbirth and neonatal death, which did not alter our findings. A second explanation may be that the pathogenesis of CP in the very preterm term infant differs from that in the term infant, wherein the former is due to an acute insult, while the latter is more chronic and indolent. However, preeclampsia is not the only maternal placental syndrome event associated with CP; so too are placental abruption [35] and placental infarction in the absence of preeclampsia [36] . Herein, the presence of a maternal placental syndrome did not alter the risk of CP in relation to immigrant status, and was of marginal significance in and of itself, nor did adjustment for preterm birth or abnormal birthweight. A direct assessment of placental pathology and its relation to maternal placental syndrome, fetal growth restriction and preterm delivery, would optimally shed light on whether certain immigrant groups are at lower risk of placental vascular disease.
The ''healthy immigrant effect'' may partly explain why the offspring of immigrants are at lower risk of CP. This may partly be a function of Canada's immigration policy, which mostly admits persons who are skilled and educated. For example, recent immigrants have lower rates of obesity and chronic hypertension in pregnancy [18] and in non-pregnant adulthood [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Since obesity, chronic hypertension and diabetes mellitus each are independent risk factors for placental dysfunction [7] and CP [40] , it is plausible that the risk of CP is lower in some immigrant groups.
Study implications
Does maternal immigrant status or maternal ethnicity predict CP risk? Among a cohort of 1588 preterm neonates included in the Beneficial Effects of Antenatal Magnesium Sulfate (BEAM) study, the authors evaluated whether use of individualized fetal growth standards, which include maternal ethnicity, better identifies SGA infants at risk of CP or death [41] . While maternal ethnicity was only defined as ''Black'' (45%), ''White'' (38%) or ''Hispanic'' (15%), and immigrant status was not assessed, the area under the curve for predicting CP or death was slightly better with the individualized growth standard (0.59, 95% CI 0.54 to 0.64) than the population standard (0.55, 95% CI 0.49 to 0.60) [41] . In a 10-year retrospective cohort study using California birth records, relative to Whites, the crude relative risk of CP was slightly higher among Blacks (1.29, 95% CI 1.19 to 1.39), and was lower among Asians (0.80, 95% CI 0.74 to 0.87) [42] . The ''Asian'' group comprised both South Asians and East Asians, and again, immigrant status was unknown. Moreover, after controlling for weight or gestational age at birth, Black race was actually associated with a lower risk of CP, suggesting that both factors explained the increased risk of CP in Black infants. In our study, we also observed a further attenuation of the risk of CP among the infants of mothers from either Sub-Saharan Africa or the Caribbean after adjusting for prematurity and extremes of birthweight (Table 2) .
Ethnicity/race and immigration status appear to be risk factors for CP. Using as detailed a description for each, as is feasible, can further elucidate the likelihood that a woman's pregnancy may result in a child affected by CP.
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